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In this work the phenomenon of contact inhibition of growth is studied by applying an
individual based model and a continuummultiphase model to describe cell colony growth
in vitro. The impact of different cell behavior in response tomechanical cues is investigated.
The work aims at comparing the results from both models from the qualitative and,
whenever possible, also the quantitative point of view.
Crown Copyright© 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction
The growth of cell monolayers in vitro can be divided into three main phases. Starting at low cell density, in the initial
phase the number of cells grows exponentially. Then the growth rate decreases as a consequence of the fact that cells come
in contact and form colonies. In this phase, cell proliferation within each colony is mainly restricted to their boundary and
the colonies’ diameter grows linearly, i.e. with a constant velocity. Eventually, if the colonies fill the entire domain, growth
decreases until it stops. It is said then that the monolayer has grown to confluence. The related control mechanism is called
contact inhibition of growth. This mechanism is mainly governed by some transmembrane proteins, called cadherins, that
act as mechanotransducers. The formation of intercellular cadherin junctions inhibits proliferation, while in contrast their
disruption triggers the production of growth factors, which contribute to inducing proliferation.
Under pathological conditions, the loss of this kind of contact responsiveness can lead to deregulated growth, a
phenomenon which is commonly associated with the formation of hyperplasia and tumors (see [1] and references therein).
Actually, in [2] the misperception of the presence of neighboring cells is considered such a fundamental milestone in
the development of tumors as to be named the ‘‘cadherin switch’’ in analogy to the ‘‘angiogenic switch’’ leading to the
vascularization of tumors.
Here we consider, as an example of a system growing under the effect of contact inhibition, the experimental set-up
described in [3]. For WiDr cells (cells of a colorectal adenocarcinoma cell line) they found two morphological identical sub-
populations (SP), SPfast and SPslow. Their doubling times are the same, but SPfast spreads faster than SPslow so SPfast can release
the stress sooner and duplicate faster (see Fig. 1). According to Rubin [4] such sub-populationsmay represent spontaneously
occurring variants with neoplastic potential that is associated with increased capacity for escaping contact inhibition. Thus,
the system is well suited for analyzing possible escape mechanisms.
We here briefly present a comparison of the results obtained by applying an individual based model (IBM) and a
multiphase PDE model to describe the colony growth of these populations.
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Fig. 1. Growth properties of WiDr cell colonies. (A) Cell number versus time t . The thick line indicates exponential growth according to a cell doubling
time of 35 h. (B) Diameter of the colonies shown in (A). Lines are computer simulation results with the individual based model (results from [3]).
2. The multiphase model
In constructing the multiphase model we distinguish two sub-populations of cells (l- and r-type, for left and right) with
different characteristics, such as different sensitivity to contact inhibition or differentmotility, within a hosting environment
(h-type). Cells grow in a porous material formed by extracellular matrix (ECM) and wetted by extracellular liquid. Initially,
the populations occupy different domains Di and the model is constructed so that during the evolution they remain
segregated. Referring the reader to [1,5,6] for details, we consider the following dimensionless model:
∂φi
∂t
= ∇ · (φiKi(φi)∇φi)+ [Hσ (φi − ψi)−∆]φi, i = l, r, h, (1)
where φi ∈ [0, 1] denotes the volume ratio of the i-th population in Di(t). The remaining portion of space is occupied by
the liquid and the ECM. Time is made dimensionless with the inverse of the growth rate coefficient and space with the size
of the domain of integration, that is ten times the initial distance between the clones.
In (1), the i-th sub-population velocity is given by
vi = −Ki(φi)∇φi, i = l, r, h, (2)
where the coefficient Ki(φ) = ki(φ)Σi(φ) is related through ki not only to the pure permeability of the porous medium
but also to the ability of cells to move through the ECM network, which involves two main aspects: space occupation and
activation of adhesion mechanisms. In particular, the latter can be different in sub-populations. The function Σi measures
the response to compression, that depends on the amount of cells present in the tissue. Usually, Σl = Σr , meaning that
the two populations behave mechanically in the same way, while Σh might be different because it refers to the hosting
environment.
In order to model contact inhibition, in the growth term there is a simple switch mechanism depending on the
compression level. Specifically, we will take a monotonic mollifier Hσ of the step function, having the properties that it
is a continuous function with Hσ (φ) = 1 if φ ≤ 0 and Hσ (φ) = 0 if φ ≥ σ > 0. The growth term above then reflects the
fact that the cells belonging to the i-th population replicate if there is sufficient space to do this, i.e., if they sense a sustainable
level of crowding (φi ≤ ψi), or equivalently compression (Σi(φi) ≤ σi with σi = Σi(ψi)). Our assumption is that for h-type
population the threshold valueψh is nearly equal to the stress-free valueψ0 (such thatΣ(ψ0) = 0), corresponding to a good
response to contact inhibition generating only amoderate residual stresswith the tissue in a nearly stress-free configuration.
On the other hand, for the WiDr clones the corresponding values are slightly larger, i.e.,ψl, ψr > ψh, meaning that a higher
compression is needed to trigger contact inhibition. Actually, growth of WiDr clones might even be independent of ψi,
meaning that the WiDr cells are completely insensitive to mechanical cues and continue replicating independently of the
compression level. Even in the caseψh = ψ0, the definition of Hσ implies that the stationary value is slightly larger thanψ0.
Of course, the growth term depends on other quantities, such as the amount of nutrient and growth factors. However, we
here (and in the IBM introduced below) focus on contact inhibition. Therefore, we assume that all nutrients are abundantly
supplied and neglect the effect of growth factors. In doing so we tacitly assume that all constituents necessary for the cell
growth and mitosis can be found in the extracellular liquid.
Finally, we notice that the coefficient ∆ representing the ratio of apoptosis to growth is the same in the two cell sub-
populations.
3. The individual cell based model
The impact ofmultiple cellular alterations, as failures of the cellular growth controlmechanisms, on tumor colony growth
can be alternatively studied applying IBMs. A number of different IBMs of cell populations have been studied so far [7–13].
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In the following, the model described by Galle and co-workers [10] will be considered as a representative example of 3D
off-lattice IBMs. Including an explicit control mechanism of the cell volume, the model enables straightforward simulations
of regulation dynamics related to dense cellular packing. Thus, it is well suited for comparing IBM behavior with that of the
PDE systems introduced above.
In the model, an isolated cell is represented by an elastic sphere of radius R, and the substrate of the Petri dish by an
impenetrable plane. If a cell gets in contact with the substrate or with other cells, it adheres. As a result of the contact, the
shape of the cell changes by flattening at the contact area. Consequently, the volume of the cell changes as well. It is then
defined by the volume of the cell’s undeformed sphere less the volume of the spherical cap of this sphere contributing to
the 3D lens common to this sphere and the undeformed sphere of the cell’s interaction partner. The base of the spherical
cap of the cell is considered as the area of the contact AC . In general the actual volume VA of a cell is calculated taking into
account the sum of its contacts formed to other cells and the substrate.
The adhesive cell–substrate and cell–cell interaction energy is approximated by
WA = kAC , (3)
where k denotes the average adhesion energy per unit contact area andAC the actual contact area for contact to the substrate
(k = s) or to another cell (k = c), respectively.
As a result of the contact, the shape of the cell changes by flattening at the contact area. Consequently, the volume of
the cell changes as well. The energy related to a volume change of the cell is approximated by the energy of a uniform
compression (or inflation) of a homogeneous elastic solid with bulk modulus K :
WK = K2VT (VT − VA)
2 . (4)
Here, VA is the actual volume of the cell and VT the target volume, i.e., the volume that the cell would adopt if it were isolated.
Moreover, the deformation energy for the contact is calculated from the Hertz model as
W i,jD =
2x5/2k
5Di,j
√
RiRj
Ri + Rj , with D
i,j = 3
4
(
1− ν2i
Ei
+ 1− ν
2
j
Ej
)
, (5)
where Ri, Rj are the cell radii and the terms xk (k = c, s) denote the overlaps of the spheres [10]. Ei is the Young modulus
and νi the Poisson ratio of cell i.
The total interaction energy between two cells i and j is defined by the sum over all individual energy contributions.
W i,jD depends on the distance between the cells and the radii of the two cells. Thus, cell–cell contacts can equilibrate via cell
displacements or changes in the cell radius R. The total interaction energy between a cell and the substratumWi,s is defined
analogously. The generalized deterministic forces on cell i can be directly derived from the total interaction energies.
The dynamics of each individual cell i is modeled by Langevin equations in a friction dominated regime. Thus, in the
absence of an external stimulus the cells perform a randommovement. The displacement and the radius change of cell i are
modeled in separate equations. We here give a slightly simplified version of the equations given in [10]:
Ffri =
∑
j
Ci,j
(
wi −wj
)+ Ci,swi + cMwi = Fdeti + Fsti , (6)
for the force balance determining the translational cell movement with velocitywi = dri/dt , and
Gfri =
∑
j
Bi,j
(
ui + uj
)+ (Bi,s + bV ) ui = Gdeti , (7)
for the variation of the radius with velocity ui = dRi/dt .
Ffri is the sum over all friction forces during translational movement, whereas G
fr
i denotes the friction forces during
changes of the radius of cell i. Ci,j and Bi,j are scalar friction coefficients for the friction between cells i and j. Ci,s and Bi,s
denote the corresponding quantities for the friction between cell i and the substrate s. In particular, Ci,k = γkAC , with γk
being the friction constant for cell–cell (k = c) and cell–substrate (k = s) friction. cM and bV are coefficients for cell medium
friction and for resistance to cell volume changes, respectively. The right-hand sides of Eqs. (6) and (7) denote the sums over
all generalized forces causing the displacement and the radius change, respectively. In particular, Fdeti (G
det
i ) summarize the
deterministic forces, while Fsti denotes the stochastic force with zero mean and delta-correlated autocorrelation function
that models the random component of cell movement.
A two-phase cell cycle is assumed in the model for considering cell proliferation. During the interphase, a cell doubles
its target volume VT by stochastic increments. This growth process results in an approximately Γ -distributed, i.e., variable,
growth time τ of the cells. During the mitotic phase, a cell divides into two daughter cells of equal target volume VT = V0.
Further details can be found in [10].
A cell–cell contact dependent form of growth inhibition is considered in the model, assuming that if the actual volume
VA of a cell is smaller than a threshold value Vinh < V0 the cell is sufficiently compressed by the neighbor cells to inhibit
growth. This assumption corresponds in the multiphase PDE model to the switch mechanism expressed in (1) by Hσ .
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Fig. 2. Colony growth simulated using the multiphase PDE Model. (A)–(E) show results for two colonies which differ in their cell motility. The volume
ratio at t = 5, 7 is reported in (A) and (C) and the growth rates in (B) and (D). The border of the tumor is represented by the gray line. The portion of the
domain shown in the pictures is a magnification of the actual computational domain [0, 1] × [0, 0.8] over the growing tumor, corresponding to the area
[0.2, 0.7] × [0.1, 0.6]. (E) Total mass of the two colonies versus time (reported dimensionally for better comparison with Fig. 1(F). Growth rate at t = 12
for two colonies with the same motility but different contact inhibition thresholds.
In the original model, the contact inhibition mechanism is combined with two further control mechanisms which relate
the loss of cell–matrix contacts to apoptosis and impeded proliferation. In the following, we assume a knock-out of the
apoptosis mechanism within the tumor cells considered.
Each cell in the IBMmodel described above is characterized by a set of experimentally accessible bio-mechanical and cell-
biological parameters. For the tumor cell line studied most of them were derived from the literature. The remaining ones
were determined forcing themodel to reproduce the colony growthdynamics (2Dand/or 3D) of the cells under consideration
(Table 2).
4. Colony growth dynamics
In Fig. 2, using
Ki(φi) = Kˆi 1− φi1− ψ0 ,
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Table 1
Parameters used in the simulations with the multiphase model.
Parameter Symbol Host SPslow SPfast
Apoptotic ratio ∆ 0.3 0.3 0.3
Stress-free volume ratio ψ0 0.5 0.5 0.5
Motility coefficient Kˆi 0.05 0.05
0.005 (Fig. 2A–D)
0.05 (Fig. 2F)
Contact inhibition volume ratio ψi 0.5
0.55 (Fig. 2A–D) 0.550.65 (Fig. 2F)
Smoothing parameter σ 0.006 0.006 0.006
Table 2
Parameters used in the simulations with the IBM.
Parameter Symbol SPslow SPfast
Radius of free cell R 8 µm 8 µm
Cell growth time τ 35 h 35 h
Energy equivalent FT 10−16 N m 10−16 N m
Poisson ratio ν 1/3 1/3
Young modulus E 0.75 kPa 0.75 kPa (Fig. 3B, D)0.75 kPa (Fig. 3C)
Cell–substrate anchorage s 400 µN/m
400 µN/m (Fig. 3C, D)
133 µN/m (Fig. 3B)
Cell–cell anchorage c 200 µN/m 200 µN/m
Cell–substrate friction constant γs 3× 1011 N s/m3 3× 1011 N s/m3 (Fig. 3C, D)1× 1011 N s/m3 (Fig. 3B)
Cell–cell friction constant γc 3× 1011 N s/m3 3× 1011 N s/m3
Sensitivity for contact inhibition Vinh/V0 0.99
0.99 (Fig. 3 B, C)
0.90 (Fig. 3D)
BA
DC
Fig. 3. Colony growth simulated using the IBM. (A) Top view on two WiDr populations in vitro after 14 days, stained for proliferation with BrdU.
They grow from cells of the two sub-populations SPfast and SPslow . ((B)–(D)) Computer simulation results related to (A). The following differences are
assumed between the sub-populations: (B) s(fast) = s(slow)/3, γs(fast) = γs(slow)/3, (C) E(fast) = 3E(slow), at constant Poisson ratio, (D)
V0 − Vinh(fast) = 10(V0 − Vinh(slow)), Scale bars: 200 µm.
and the parameters in Table 1 where Kˆi = kˆiΣi with Σi constant, we apply the multiphase PDE model (1) to describe the
growth ofWiDr colonies. Two populations of tumor cells are virtually seeded at a dimensional distance of 320µm. The only
difference between the two populations is that we assume the right one to have amotility coefficient ten times smaller than
that of the left one. We mention that comparable results would be achieved if cells of the colony on the left were assumed
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to be stiffer. At the very beginning there is almost no difference in growth of the two colonies. However, while all cells
duplicate in the left colony, in the right one the cells in the center duplicate less. This is due to the fact that the less motile
colony on the right does not release the inner stress so fast. The radius of the colony on the right is a bit smaller than that of
the colony on the left. But, if one integrates the densities (better to say, the volume ratio) of the two clones to get the mass
of the colonies (better to say, the volume occupied by the two colonies), then one finds that they are identical (see Fig. 2E).
At this stage, the growth is nearly exponential for both colonies.
Going on, with time, cells in the center become too compressed to activate their duplication program. The difference
between the two clones becomesmore andmore evident, with cell proliferation confined to the outer proliferating rim (see
Fig. 2B, D). This is similar to what is observed in many papers on tumor growth as an effect of nutrient availability inside the
tumor. However, we remind that nutrient distribution is neither taken into account in the models presented here nor is an
issue in the experiment, because the colonies grow on a flat Petri dish with nutrients coming from above. The proliferating
rim is simply due to contact inhibition and for this reason duplication is mainly restricted to cells close to the boundary.
As the populations grow, themasses of the sub-populations becomedifferent. After nearly six days the two colonies touch
and growth is inhibited on the contact line (see Fig. 2B). However, cells on the outer border keep duplicating, and those on
the left are always more active, so at the end the colony on the right is almost engulfed by the one on the left (Fig. 2C, D).
This last configuration is close to an observed in vitro configuration presented in Fig. 3A. From Fig. 2B, D it can be
appreciated how the contact between the two clones progressively also inhibits the proliferation in the population on the
left. The evolution of the cell mass shown in Fig. 2E should be compared with the equivalent in Fig. 1A.
Fig. 2F refers to a simulation inwhich the two colonies are characterizedby the samemotility, but feature different contact
inhibition thresholds. Also in this case, growth is confined to the outer boundary of the colonies. From themacroscopic point
of view, the evolution is similar to that of Fig. 2A–D. However, by looking closely at the interface between the two clones
it is possible to observe that cells on the right, which are more sensitive to contact inhibition, die because of the pressure
exerted by the left colony.
In order to model the different behaviors of the twoWiDr sub-populations with the IBM, we assumed first that the cells
of the left colony are more motile, like in the PDE model. This was achieved by assigning a smaller cell–substrate friction to
these cells, corresponding to a larger motility coefficient K . However it is difficult to relate K to a combination of i and γi.
Simulations of the same scenario considered in the PDE model demonstrated that under these conditions the left
colony grows as a perfect monolayer (not shown). This is in contrast with the in vitro observations case, where a starting
3D growth in the center of the colony can be detected. A correct representation of this feature was achieved assuming
additionally a reduced cell–substrate anchorage of cells on the left as compared to those on the right (see Fig. 3B). However,
morphological differences between the in silico and the observed in vitro growth behavior were still present. They can be
quantified by calculating the compactness of the colonies defined as the ratio between the square of the entire edge length
of a colony (including outer and inner edges) divided by 4pi times the area of it. For the experimental WiDr colonies we
estimated a compactness smaller than 3 with no difference between SPfast and SPslow. Assuming more motile cells, the
colony compactness increases from about 2.5 [0.2] to 9.3 [0.8] in our simulations, slightly depending on the colony size
(the numbers in square brackets are the standard deviations). This means that the colony front becomes too rough. Thus, in
subsequent simulations we assumed SPfast colonies to be characterized either by a different Young modulus (see Fig. 3C), or
by a different value of the threshold volume Vinh (see Fig. 3D). Both assumptions allow good fitting with the experimentally
observed growth behavior. But, while an increased Young modulus results in a colony morphology with small gaps at the
periphery (Fig. 3C, white holes) and a compactness of about 24.0 [3.0], the assumption of a decreased sensitivity to contact
inhibition gives an optimal description of the observed colony growth (see Fig. 3D), keeping the compactness of the colonies
as low as 2.5 [0.2] for SPslow colonies.
Thus, although differences in sensitivity to contact inhibition, as well as differences in cell properties affecting the
relaxation of cell compression, can explain the basic dynamics of the WiDr sub-clones in vitro, assuming a lower sensitivity
to contact inhibition for the cells on the left compared to those on the right appears to be more appropriate.
In the PDE model the morphological details discussed above are hard to describe. However, a qualitative comparison of
the PDE and IBM results obtained gives an amazing similarity between these very different models. We remark that it is
possible to relate the ratio Vinh/V0 to the contact inhibition volume ratio Ψi through
Vinh
V0
= Ψ0
Ψi + σ .
This relation was used to match the parameters in the two models
The sensitivity of cells to contact inhibition of growth affects the width of their proliferating zone. In stable cell
monolayers, a decrease of such a sensitivity results in a broader proliferation zone and an increased spreading velocity, as
mentioned in the example above. However, decreasing the sensitivity below a critical value results in a decreased spreading
velocity of the population due to monolayer destabilization [10]. Cells in the interior of the monolayer are pushed out of
themonolayer, forcing a continuous renewing of the population. Accordingly, proliferation events are found throughout the
growing colony. The left colonies shown in Fig. 3 are just below this transition, showing already slight destabilizationwithin
their core.
Changes of the width of the proliferating zone are also obtained using the multiphase PDE model. Looking at the profile
of the growth terms, one can see that it is characterized by a plateau near the boundary and then decreases very fast toward
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the core of the colonies. This makes it difficult to define a proliferating thickness, but it can be qualitatively stated that the
thickness of the plateau region depends linearly on the sensitivity to contact inhibition, that can bemeasured by the quantity
ψt − ψn, while the thickness of the decay is almost independent of ψt − ψn.
5. Final remarks on hybrid modeling
In this article we have shown how IBM and PDEmodels can both be used to study the same biological problem, obtaining
similar results from the qualitative and to some extent quantitative point of view. Of course each method has its pros and
cons, starting from the fact that PDEmodels aremore appropriate for describing the behavior of tissues from themacroscopic
point of view while IBMs can be used to look more closely at what happens at the cellular level.
In our opinion, the challenge nowadays is to describe biological processes not using a single-scale view but in a multi-
scale landscape. In this respect, IBMs are more flexible and suited for inserting sub-cellular mechanisms in each cell, and
for exploiting the most recent discoveries in the fields of biochemistry, genomics and proteomics. On the other hand,
unfortunately, it is well known that IBM might become computationally expensive when using a large number of cells.
It would then be computationally prohibitive to increase the complexity of the behavior of single cells. Luckily, it is often
unnecessary to keep this level of detail throughout the tissue. For this reason it is important to link IBM and PDE models,
building hybrid models that combine and exploit the advantages provided by the different frameworks.
Some steps in this direction are presented in [14,15], and we believe that in general such an approach and consideration
will produce the key to unlock the function of complex tissues, based on their genetic and cellular composition.
In our opinion, themain difficulty in comparing the two approaches consists in relating some of the parametersmeasured
at the tissue level with those measured at the cellular level. In some cases this can be easily done, such as for the duplication
time and the stress-free volume ratio. In other cases, the links need some effort, as shown in Section 4 for the sensitivity
parameters for contact inhibition. Probably themost difficult step is the transfer of the concept of a constitutive model from
continuum mechanics to cell based models, or vice versa, from measurements made on single cells to the tissue level, e.g.,
strength of adhesion bonds, or receptor activation.
The processes above in general need the use of some upscaling techniques, like homogenization methods. In performing
this step, one can profit from the fact that both IBMand PDEmodels are becomingmore andmore sophisticated. For instance,
in [16] the integrin mediated adhesion bonds are examined more carefully, and in [17] the mechanics of growth and cell
plastic reorganization are modelled using the concept of evolving natural configuration. In both articles there is always
attention given to relating the measurements done at the cellular scale to the characteristics of the constitutive models, but
with partial success, in the sense that in some cases the link is more qualitative than quantitative.
In this respect, we have shown here that IBM and multiphase models can be used to simulate some simple in vitro
experiments by using the same linkable parameters and by suitably tuning the others. In this way one can, it is hoped,
support the upscaling process and get an idea of the relationship between those parameters that cannot be connected so
easily.
In our opinion a very interesting development would be building in silico experiments like those performed in rheology,
e.g., cone-and-plate rheometers, and inserting in these virtual experiments an ensemble of cells with given microscopic
characteristics, e.g., cell–cell adhesion or cell compressibility, obtaining as an output the macroscopic parameter to be used
in the constitutive equation needed for the multiphase model. This procedure would assure that when switching back and
forth from IBM to macroscopic models, in the hybrid model constructed in this way the mechanical properties of the tissue
are preserved.
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